Gold(I) complexes with phosphane and thiotetrazolate ligands were prepared and investigated as new type of bioactive gold metallodrugs. The complexes triggered very efficient inhibition of the enzyme thioredoxin reductase (TrxR), which is an important molecular target for gold species.
Introduction
The therapeutic use of gold and its complexes dates back thousands of years and it was also a hot topic in alchemy during medieval ages and the Renaissance.
1 However, elaboration of gold based antiproliferative agents is a comparably young and intensively developing area of medicinal and pharmaceutical chemistry. [2] [3] [4] [5] The precise mechanisms of antitumor activity of gold compounds are still not completely understood. As a result of a series of mechanistic studies it was suggested that binding of gold to the selenoenzyme thioredoxin reductase (TrxR) leads to its inhibition, which results in the alteration of mitochondrial functions, increased formation of reactive oxygen species and finally causes cell death via apoptosis. 6, 7 Both gold(I) and gold(III) derivatives were found to be efficient inhibitors of thioredoxin reductase 6 , yet gold(III) based complexes are nowadays considered as prodrugs that are reduced before binding to give gold(I) species. 8 The choice of ligands appears to be one of the most challenging tasks in the design of novel gold based antitumor agents. Owing to the "soft acidic" nature of gold(I), its coordination compounds are highly prone to rapid metabolic transformations via interaction with numerous sulfur containing proteins and peptides in vivo. 2 Therefore, stability is a crucial point in the design of gold(I) species, and usually typical "soft bases" such as phosphorus-and sulphur-containing nucleophiles are utilized as ligands to enhance the stability of the resulting gold(I) complexes under physiological conditions. Gold(I) phosphane complexes are the most frequently investigated group of gold based compounds. 3, [9] [10] [11] [12] [13] [14] [15] Many of them, including auranofin (Figure 1) and chlorido gold(I) phosphane (1, Figure 1 ) complexes, were shown to be effective antiproliferative agents and potent TrxR inhibitors. 6, 7, 16 
Figure 1. Examples of gold(I) phosphane complexes
Here we report on the synthesis and biological evaluation of a new series of tetrazole-containing gold(I) phosphane complexes (2, Figure 1 ). Being rather new ligands in bioinorganic chemistry, tetrazole derivatives have been gaining more attention in recent years due to the development of more efficient synthesis methods. 17 Moreover, the tetrazole ring is a well known bioisoster of the carboxylic group and several tetrazole-containing platinum complexes have earlier been reported as having a promising antiproliferative profile and low toxicity in vivo. [18] [19] [20] Gold(I) complexes with polynitrogen-containing azoles have been relatively little studied so far.
Among them, mixed-ligand phosphane gold(I) 5-thiotetrazolates 2 are one of the most investigated groups. 21 The obvious structural analogy between this group of gold(I) complexes and auranofin makes them interesting subjects for antitumor drug design. Despite this fact, there have been up to date no data reported in the literature on their antiproliferative or other biological effects. In order to elucidate any possible structure-activity relationships within this group of gold(I) complexes, a panel of (phosphane)gold(I) 1-R-5-thiotetrazolates have been synthesized and characterized by means of spectroscopic and structural methods. Their antiproliferative activity against two human cancer cell lines as well as the inhibitory effects toward TrxR and glutathione reductase (GR) have been evaluated, whereupon cellular uptake studies were performed using high resolution atomic absorption spectroscopy (HR AAS).
Additionally, antiproliferative activity of the best candidates was additionally investigated against resistant leukemia cell lines.
Results and discussion

Synthesis and characterization
Tetrazole-containing gold(I) complexes 2a-e bearing triphenylphosphane or trifurylphosphane ligands were synthesized starting from corresponding 1-substituted 5-thiotetrazoles 3a-c and chloridogold(I) phosphanes ClAuPR 3 [R = Ph (1a), 2-furyl (1b)] in the presence of triethylamine according to Scheme 1. Synthesis of compounds 2a and 2b under similar conditions was reported elsewhere earlier. 22, 23 Complexes 2c-e were obtained for the first time. 
Scheme 1. Synthesis of thiotetrazole-containing gold(I) phosphane complexes 2a-e
Composition and structure of the products were confirmed by elemental analysis, ESI mass spectrometry, and NMR spectroscopy ( 1 H and 13 C). Complexes were additionally characterized by means of IR spectroscopy and thermal analysis (TG/DSC). The molecular and crystal structure of 2e was additionally confirmed by single crystal X-ray diffraction. In general the spectral and structural characteristics of complexes 2a and 2b were found to be consistent with previously published results. 23, 25 and are in agreement with the suggested structures (see Scheme 1). In particular, 1 H NMR spectra of 2a-e lack signals of NH protons that are observed in the spectra of uncoordinated tetrazolylthiones 3a-c at approx. 14 ppm. Coordination also leads to significant upfield shifts (approx. 5-6 ppm) of the C(5) signals, which are observed at approx. 158 ppm in the 13 
Crystal and molecular structure of complex 2e
Complex 2e crystallizes in the monoclinic space group C2/c, with eight formula units in the unit cell. Crystal data and structure refinement details for this compound are summarized in Table 1 .
Similarly to the previously reported complexes 2a and 2b, 24 complex 2e presents a molecular complex showing bidentate linear coordination environment of the gold atoms (Figure 2a ).
In complex 2e, the gold atom is in a standard linear coordination, being attached to the phosphorus atom with an Au1-P1 distance of 2.2475(6) Å and to the sulfur atom with an Au1-S1 distance of 2.3051(7) Å. The coordination angle P1-Au1-S1 takes on a value of 170.93(3)°.
The geometries of the coordination units are very close in three compounds 2a, 2b and 2e (see Table 2 ).
In the complex 2e, the oxygen atoms of the furane rings are oriented away from the gold atom. As for the tetrazole ring geometry, it is typical of 1H-tetrazoles in the three complexes 2a, 2b
and 2e (see Table 2 Figure 2 . top: complex 2e, with the atom numbering scheme and displacement ellipsoids drawn at the 30% probability level; middle: hydrogen-bonded dimer in the crystal structure of 2e; bottom: dimeric unit formed by aurophilic bonding in the crystal structure of 2e [symmetry transformation: Table 3 . Antiproliferative activity and inhibition activity against TrxR and GR of gold(I) phosphane complexes 1a-b and 2a-e, n.d.: not determined. 0.053 ± 0.001 0.51 ± 0.07 10 9.3 ± 0.2 11.5 ± 1.7
TrxR and GR inhibition activity
As mentioned above, inhibition of selenoenzyme thioredoxin reductase (TrxR) is considered to be an important mechanism of bioactivity of gold(I) species. 3, 6, 7 Therefore, the potential of tetrazole-based gold(I) complexes to inhibit TrxR was studied on isolated rat liver TrxR using the DTNB (dithiobisnitrobenzoic acid) reduction assay. As far as selenocysteine is considered to be the relevant binding site for gold complexes, another structurally and functionally similar disulfide reductase, i.e. glutathione reductase (GR, from yeast), was included into the test as a reference. Instead of selenocysteine, GR contains a cysteine residue in its active site and thus can be used to check the specificity of TrxR inhibition by the tested compounds. 28, 29 According to the results given in 31 ). The metal-free thiotetrazole derivatives 3a-3c were investigated as negative controls and showed no inhibition of tumor cell proliferation.
Cellular uptake
In order to evaluate the extent of cellular uptake, we measured the gold content in HT-29 cells exposed to 10.0 µM (approx. equal to the IC 50 calculated for this cell line) solutions of the tested compounds for a period of 1, 4 and 8 h by a method based on high resolution continuum source atomic absorption spectroscopy (HR-CS AAS) 32, 33 . Results were corrected for the respective protein contents of the samples and presented in Figure 3 
Antiproliferative activity in a resistant cell line
Resistance to therapeutic agents is a major problem in current tumor chemotherapy. Hence, the development of drugs that can overcome drug resistance in tumor tissues is of major interest.
Here we used wild type and vincristine resistant NALM-6 cells, which overexpress the drug efflux pump p-glycoprotein, 33 to evaluate the possible overcoming of drug resistance by the gold complexes under study. Complexes 2a and 2d were selected for these experiments as examples with high (2a) and low (2d) cellular uptake but comparable toxicity and TrxR inhibitory potential (see above). Apoptosis induction was assessed as DNA fragmentation in the cells.
In fact, both 2a and 2d triggered strong effects in wild type and vincristine resistant NALM-6 cells already in low micromolar concentrations (> 50% DNA fragmentation at 1.0µM with 2a and 2.5 µM with 2d), which clearly demonstrated that both complexes could overcome pglycoprotein related multidrug resistance. Complexes 2a-e turned out to be very effective inhibitors of the enzyme TrxR. Comparison with the respective chloride analogues 1a and 1b indicated that the thiotetrazolato ligand was important for this effect. The lowest activity in the series 2a-e was observed for 2c, which contains an aliphatic side chain with a tertiary nitrogen at the thiotetrazolato ligand. Notably, strong TrxR inhibition with thiophenolate containing gold(I) carbene complexes was also observed in a previous study. 34 However, the enhanced activity against TrxR did not translate into elevated cytotoxicity since complexes 2a-e were of comparable activity with 1a and 1b in cell proliferation assays.
Cellular uptake studies showed a very high accumulation of the triphenylphosphane containing complexes 2a-c, whereas the triphenylfurane analogues 2d and 2e were found at significantly lower levels in the cells. It can be speculated that possible dimer formation by hydrogen bonding of the trifurylphosphane moiety might contribute to this effect besides differences in the lipophilicity. It should be mentioned that we observed higher cellular accumulation of triphenylphosphane gold complexes compared to trialkylphosphane derivatives in a number of recent studies 10, 11, 35 and that lipophicity is generally considered as an important parameter for cellular uptake of gold phosphane species. 36 Importantly, selected compounds 2a and 2d showed decent activity in p-glycoprotein overexpressing vincristine-resistant Nalm-6 cells, which indicates that this type of gold compounds might be useful for the design of resistance overcoming drugs.
In summary, gold complexes with thiotetrazolate represent a new promising class of gold species, which trigger important biological effects such as TrxR inhibition and cytotoxicity.
Experimental
Materials and methods
All reagents and solvents were used as received from Sigma, Aldrich, or Acros Organics. 1 H and 13 C NMR spectra were recorded on a Bruker DRX-400 AS NMR System. ESI(+) mass spectra were recorded on a Bruker micrOTOF instrument using dichloromethane as a solvent. The purity of the target compounds (>95%) was confirmed by elemental analysis. For all compounds undergoing biological evaluation, the experimental values differed less than 0.5% from the calculated ones.
IR spectra of powder samples were registered on a Nicolet Thermo Avatar 330 spectrometer using Smart Diffuse Reflection accessory in the range of 4000-400 cm , aluminum oxide, mass 5-6 mg and temperature range from room temperature up to 600 °C).
Synthesis of gold(I) complexes 2a-e
Compounds 2a-c were obtained using the following general procedure. 0.5 mmol (248 mg) of chlorido(triphenylphosphane)gold(I) and 0.5 mmol of corresponding 1-R'-5-thiotetrazole 3a-c were dissolved in 20 ml of CH 2 Cl 2 . Triethylamine (0.1 mL) was added dropwise to the prepared solution, and the mixture was stirred overnight at room temperature. Then the mixture was evaporated to dryness, and the residue was dissolved in hot THF. After cooling to the room temperature, needle-like crystals of triethylammonium chloride formed and were separated by filtration. The filtrate was evaporated again, and the solid residue was recrystallized from CH 2 Cl 2 /hexane (2a and 2b) or acetonitrile (2c) to obtain the colorless product.
(1-Methyltetrazol-5-ylthiolato)(triphenylphosphane)gold(I) (2a) (1-Phenyltetrazol-5-ylthiolato)(triphenylphosphane)gold(I) (2b) 
[1-(2-(N-dimethylamino)ethyl)tetrazol-5-ylthiolato](triphenylphosphane)gold(I) (2c)
Yield (from acetonitrile): 265 mg (84% 
Crystallographic studies
Single crystal X-ray data of complex 2e were collected at room temperature on a SMART APEX II diffractometer using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). The reflection data were corrected on absorption. The structures were solved by direct methods with the program SIR2004 37 and refined on F 2 by full-matrix least squares technique with SHELXL-
2013
. 38 All non-hydrogen atoms were refined anisotropicically. The hydrogen atoms were placed in calculated positions and refined using a "riding" model, with U iso (H) = 1.2U eq (C). Molecular graphics was performed with the program PLATON. 39 Crystallographic data of complex 2e containing 10% (V/V) fetal calf serum at 37 °C/5% CO 2 and passaged once a week according to standard procedures. For the experiments, the compounds were prepared freshly as stock solutions in DMF and diluted with the cell culture medium to the final assay concentrations (0.1% V/V DMF). The assay procedure is described in more detail in our recent papers. 10, 40 The IC 50 value was described as that concentration reducing proliferation of untreated control cells by 50%.
Cellular uptake studies Sample preparation for cellular uptake studies
The cellular uptake was measured according to a previously described procedure. 32 In short: cells were grown until at least 70% confluency in 75 cm 2 
Atomic absorption spectroscopy (AAS)
Gold contents were measured with a graphite furnace high resolution continuum source atomic absorption spectrometer (contrAA®700, Analytik Jena AG) at 242.795 nm according to a recently described method with minor modifications. 32, 33 In short: to 200 µL aliquots of the diluted lysates 20 µL Triton X-100 (1%) and 20 µL ascorbic acid (1%) were added. The gold content of the samples was accessed using freshly prepared matrix-matched solutions of test compounds for calibration. Probes were injected at a volume of 25 µL into standard graphite wall tubes. The mean absorbance of triplicate injections was used throughout the study. Drying, atomization and tube cleaning steps were performed as outlined in more detail in the literature.
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Concentration Dependent Effects on drug resistant Human Leukemia Cells.
The following human cell line and its chemoresistant subline were used in this study: leukemic B-cell precursor (Nalm-6) and its vincristin (Nalm/VCR) resistant subline. All cell lines were cultured in RPMI 1640 supplemented with 10% fetal calf serum. Apoptotic cell death was determined by a modified cell cycle analysis, which detects DNA fragmentation at the single cell Gold(I) complexes with thiotetrazolate ligands are potent TrxR inhibitors with activity in drug resistant Nalm-6 cells
